؊ )-accumulating bacteria were isolated from marine sediment by an autoradiographic method with radioactive 125 I ؊ . When they were grown in a liquid medium containing 0.1 M iodide, 79 to 89% of the iodide was removed from the medium, and a corresponding amount of iodide was detected in the cells. Phylogenetic analysis based on 16S rRNA gene sequences indicated that iodide-accumulating bacteria were closely related to Flexibacter aggregans NBRC15975 and Arenibacter troitsensis, members of the family Flavobacteriaceae. When one of the strains, strain C-21, was cultured with 0.1 M iodide, the maximum iodide content and the maximum concentration factor for iodide were 220 ؎ 3.6 (mean ؎ standard deviation) pmol of iodide per mg of dry cells and 5.5 ؋ 10 3 , respectively. In the presence of much higher concentrations of iodide (1 M to 1 mM), increased iodide content but decreased concentration factor for iodide were observed. An iodide transport assay was carried out to monitor the uptake and accumulation of iodide in washed cell suspensions of iodide-accumulating bacteria. The uptake of iodide was observed only in the presence of glucose and showed substrate saturation kinetics, with an apparent affinity constant for transport and a maximum velocity of 0.073 M and 0.55 pmol min ؊1 mg of dry cells ؊1 , respectively. The other dominant species of iodine in terrestrial and marine environments, iodate (IO 3 ؊ ), was not transported.
Iodine is an essential trace element for humans and animals because of its important role as a constituent of thyroid hormones. In the thyroid gland in mammals, iodine is taken up by and accumulates in thyroid follicular cells as iodide ion (I Ϫ ) (13) . Iodine deficiency leads to endemic goiter and cretinism, and a 1993 World Health Organization report (39) estimated that 1.6 billion people, or 30% of the world's population, live in iodine-deficient areas. From a radioecological viewpoint, on the other hand, the long-lived radioisotope iodine-129 ( 129 I; half-life, 1.6 ϫ 10 7 years) is of great concern, since it is one of the most persistent radionuclides released from nuclear facilities into the environment (10, 24) . Given its long half-life, 129 I can participate in the biogeochemical cycling of iodine and potentially accumulate in the human thyroid gland (11) . Therefore, it is necessary to obtain better information on the behavior of iodine in the environment for accurate safety assessments of nuclear facilities (27, 36) .
When we consider the mobility and behavior of long-lived 129 I, it is important to understand how iodine is retained in the environment. In the terrestrial environment, iodine is strongly adsorbed to soils, and high iodine concentrations in soils have been reported, e.g., 5 mg kg Ϫ1 as a worldwide average (9) and about 30 mg kg Ϫ1 as a representative value for Japanese soil (26) . These values are much higher than those in their parental materials, such as rocks and plants (0.05 to 0.5 mg kg Ϫ1 ) (37) , indicating that iodine is highly accumulated in soils. Although iodine sorption to soils is affected by various physicochemical parameters, including soil type, pH, E h , salinity, and organic carbon content (16, 37) , a number of studies have indicated that soil microorganisms are also involved in the process (5, 8, 20, 26) . Muramatsu and Yoshida (26) found that autoclaving of soils significantly reduced the sorption of iodide. The decreased sorption was recovered by incubation of autoclaved soil with a smaller amount (1%) of fresh soil, suggesting an effect of increased microbial activities. Koch et al. (20) observed increased iodide sorption to soils treated with glucose and decreased sorption to soils treated with thymol (an antiseptic). Decreased iodine sorption to fumigated, air-dried, or gamma-irradiated soils has also been reported (8) . Similarly, several studies with marine sediments (oxic sediments) showed the presence of very high concentrations of iodine (23, 30, 31) . For instance, 96 to 1,990 mg of iodine kg Ϫ1 was observed in the surface sediments of the Southwest African Shelf (30) . Since the total dissolved iodine concentration in seawater is only 60 g liter Ϫ1 (38) , it is apparent that these sediments are highly enriched in iodine. Malcolm and Price (23) speculated that iodine accumulation in sediments occurs as a result of bacterial activities. The importance of bacteria in iodide sorption was also suggested for Canadian Shield lake sediments (7) .
Details of microbial effects on iodine accumulation in the environment remain to be solved. One possible explanation is that iodine is bound to a bacterial cell envelope or is actively transported into cells (8, 23, 31) . To date, however, there have been no reports on bacteria capable of accumulating iodine. The predominant chemical forms of environmental iodine are iodide and iodate (IO 3 Ϫ ) ions (16, 38) , and previous studies of iodine uptake by brown algae and thyroid cells showed that the bioavailable iodine form is not iodate but iodide (14, 21) . In this study, we attempted to isolate iodide-accumulating bacte-ria (IAB) from the environment and to characterize the mechanisms of their iodide accumulation. Such bacteria may contribute to the fixation of both stable iodine and 129 I in soils and marine sediments.
MATERIALS AND METHODS
Bacterial strains. Flexibacter aggregans NBRC15975 and Zobellia uliginosa NBRC14962 T were purchased from the NITE Biological Research Center, Chiba, Japan. Arenibacter troitsensis JCM11736
T was purchased from the Japan Collection of Microorganisms, Saitama, Japan.
Isolation of IAB. Ninety-one bacterial strains which had been isolated from marine surface sediment, surface soil, surface seawater, and seaweed were used in a first screening. They were grown in PTYG liquid medium (1) This iodide concentration was similar to concentrations in seawater (38) and soil pore water (40) . After incubation at 30°C, bacterial colonies were transferred to Hybond-XL membrane filters (Amersham Bioscience) by using sterile toothpicks. Finally, the membranes were exposed for 2 days in the dark, and the results were visualized with a Molecular Imager FX system (Bio-Rad). Bacterial strains showing dense and black spots were chosen as candidates for IAB. In a second screening, the strains were cultured aerobically in liquid media containing nonradioactive iodide (0.1 M) and 125 I Ϫ (74 kBq ml Ϫ1 ). After cultivation for 24 h, 700 l of each culture was placed on a silicone oil layer (500 l; 35:65 mixture of SH556 and SH550; Toray Dow Corning Silicone) that had been placed over 100 l of distilled water in a microcentrifuge tube. After centrifugation (13,000 ϫ g at 4°C for 3 min), 50 l of the supernatant sample was removed and placed in a scintillation vial, and the contents of the microcentrifuge tube were frozen at Ϫ80°C. The distilled water layer containing the cell pellet then was cut away by using a pair of dog nail clippers and was transferred to another scintillation vial. The activity of 125 I was measured with an NaI scintillation counter (Aloka ARC-370 M) for 10 min. At zero time (before cultivation), 50 l of the medium was removed for the measurement of 125 I, and the total 125 I concentration in the medium was calculated. To assess iodideaccumulating ability, the efficiency of accumulation by each strain was calculated with the following equation: percent accumulation ϭ (total amount of 125 I in cell pellets at 24 h/total amount of 125 I in the medium at zero time) ϫ 100. The efficiency of accumulation was also calculated with another equation: percent accumulation ϭ 100 Ϫ (total amount of 125 I in the supernatant at 24 h/total amount of 125 I in the medium at zero time) ϫ 100. In most instances, the values obtained with these two equations were similar.
Sequencing of 16S rRNA genes. Genomic DNA was isolated by the method of Hiraishi (17) . 16S rRNA gene sequences were determined by PCR amplification and direct sequencing with previously described conditions and reagents (19) . The obtained 16S rRNA gene sequences were subjected to BLAST searches (http://www.ncbi.nlm.nih.gov/BLAST/) to determine 16S rRNA gene similarities. The retrieved sequences were aligned by using the CLUSTAL W program, version 1.6 (33) .
Iodide uptake assay. Cells grown in marine broth 2216 were harvested by centrifugation (10,000 ϫ g at 4°C for 10 min) and washed twice with washing buffer, containing 330 mM NaCl, 30 mM MgCl 2 ⅐ 6H 2 O, 6.8 mM CaCl 2 ⅐ 2H 2 O, 2.2 mM K 2 HPO 4 , and 2.9 mM KH 2 PO 4 (pH 6.0). The cell pellet was resuspended in the same buffer to achieve an optical density at 600 nm of 1.0 (equivalent to approximately 0.5 mg [dry weight] per ml). The transport assay was carried out with a 100-ml Erlenmeyer flask containing 10 ml of washed cell suspension. The reaction was started by the addition of a mixture of nonradioactive iodide and 125 I Ϫ to yield final concentrations of 0.1 M and 74 kBq ml Ϫ1 , respectively. Glucose was added as an exogenous source of energy at a concentration of 28 mM. When iodate uptake was determined, nonradioactive iodate (KIO 3 ) and 125 IO 3 Ϫ were added at the same concentration as iodide. An iodate tracer was prepared from 125 I Ϫ as described previously (25) . The reaction mixture was incubated at 30°C on a shaker rotating at 180 rpm, and the activity of 125 I in the cell pellet was measured at various times as described above. The radioactivity at zero time was subtracted from activities at subsequent times to calculate the net uptake by the cells. Nucleotide sequence accession numbers. The 16S rRNA gene sequences determined in this study have been deposited in the DDBJ database under the accession numbers shown in Table 1 .
RESULTS

Isolation of IAB.
In the first autoradiographic screening, most bacterial colonies exhibited black spots to some extent. Among these, 13 bacterial strains showing dense black spots were chosen as candidates for IAB. These strains were cultured in liquid medium for 24 h, and their capacities for accumulating iodide were quantified. In 6 of the 13 strains, 79 to 89% of total iodide was removed from the medium, and the corresponding amount of iodide was detected in the cells (Table 1). All of these strains originated from marine surface sediment and were used as IAB in further experiments. We also isolated from marine sediment two bacterial strains with relatively weak abilities to accumulate iodide. In these strains, designated "moderate IAB," 15 to 17% of total iodide was accumulated in the cells (Table 1 ). The remaining five strains did not show any significant abilities to accumulate iodide (Table 1) . When one of the IAB, strain C-21, was grown on solid medium containing 125 I Ϫ , strong radioactivity was found to be incorporated into the cells, indicating that iodide actually accumulated in the IAB cells (Fig. 1) .
Phylogenetic positions of IAB. In a preliminary phylogenetic analysis, approximately 450-bp 16S rRNA gene fragments of IAB (strains C-7, C-12, C-21, U-2, U-3, and U-5) were sequenced and aligned. All of these strains were located within the Cytophaga-Flavobacterium-Bacteroides phylum and were closely related to each other, with sequence similarities of 95.7 to 99.8%. One of the strains, strain C-21, was chosen as a representative strain, and approximately 1,400 bp of its 16S rRNA gene was sequenced. Strain C-21 was most closely related to F. aggregans NBRC15975 (28) and A. troitsensis (29) , members of the family Flavobacteriaceae. Sequence similarities between strain C-21 and these two bacteria were 99. 8 Iodide accumulation by IAB. The time course of iodide accumulation by strain C-21 was observed. In addition, iodide accumulation by moderate IAB (strain C-4) and non-IAB (strain C-6) was also determined. As shown in Fig. 2 , the maximum iodide content of 220 Ϯ 3.6 (mean Ϯ standard deviation) pmol per mg of dry cells was observed at 8 h in strain C-21. At 24 h, the iodide content had decreased to approximately half of that at 8 h, but iodide accumulated by the cells was not released into the medium. At the end of the cultivation (72 h), the iodide concentration in the medium had decreased to 0.02 M, indicating that 80% of total iodide was removed from the medium (Fig. 2) . Strain C-4, a moderate IAB, showed a maximum iodide content of 14 Ϯ 0.66 pmol per mg of dry cells at 72 h, and approximately 20% of total iodide was removed from the medium. Strain C-6, a non-IAB, however, did not remove iodide from the medium, and the maximum iodide content of this strain was only 0.45 Ϯ 0.012 pmol per mg of dry cells at 24 h. The iodide concentration factors for these three strains were calculated based on the ratio of the iodide concentration in cells (on a dry-weight basis) to that in the medium. The maximum iodide concentration factors for strains C-21, C-4, and C-6 were 5.5 ϫ 10 3 (at 24 h), 1.7 ϫ 10 2 (at 72 h), and 4.5 (at 24 h), respectively.
Effect of iodide concentration on iodide accumulation. Strain C-21 was cultured for 24 h with iodide concentrations of 0.1 M to 1 mM. The growth of this strain was not affected significantly even with 1 mM iodide (data not shown). Although the iodide content of this strain increased with increasing iodide concentrations, the percent accumulation of iodide decreased with much higher levels of iodide (Table 2) . Similarly, the iodide concentration factor also decreased from 5.8 ϫ 10 3 (at 0.1 M) to 2.4 (at 1 mM). These results suggested that iodide accumulation by IAB was a saturable process.
Kinetics of iodide uptake. Iodide transport by IAB was assayed with washed cell suspensions of IAB. As shown in Fig. 3 , cells were unable to take up iodide without glucose. However, the cumulative uptake of iodide was observed when the cell suspensions were incubated with glucose. Autoclaved cell suspensions did not take up iodide (data not shown). Initial rates FIG. 1 . Iodide accumulation by IAB grown on solid medium. Strains C-21 (left) and C-6 (a control non-IAB) (right) were grown on marine agar 2216 containing 0.1 M KI and 370 kBq of 125 I Ϫ ml Ϫ1 . After incubation for 3 days, the cells were removed from the medium and streaked on Hybond-XL membrane filters in the shape of an "I" (A). The membranes were exposed for 2 days in the dark, and the results were visualized with a Molecular Imager FX system (B). 
DISCUSSION
The chemical behavior of iodine in the environment is affected by microorganisms. Tsunogai and Sase (34) reported that nitrate-reducing bacteria have the potential to reduce iodate to iodide. Iodate reduction by iron-and sulfate-reducing bacteria has also been reported (12, 15) . In previous studies, we found that a wide variety of terrestrial and marine bacteria have capacities for methylating iodide to form methyl iodide (CH 3 I), a significant volatile organic iodine compound in the atmosphere (1) (2) (3) . In addition, we recently found that certain marine bacteria (Roseovarius spp. and unidentified bacteria) oxidize iodide to form molecular iodine (I 2 ) (3a). Together with these processes, a number of studies have shown that microorganisms participate in the fixation of iodine in the environment (5, 7, 8, 20, 23, 26, 30, 31) . Considering the fact that several species of bacteria possess the abilities to accumulate certain elements (6, 22) , it would not be surprising if they directly take up iodine and play significant roles in the fixation of iodine. In the present study, we found that certain marine bacteria actually possess capacities for accumulating iodide and that the uptake of iodide is a saturable process which requires an exogenous source of energy.
To date, biochemical mechanisms of iodine accumulation have been characterized only for two types of organisms, mammals (thyroid gland) and brown algae. The normal thyroid maintains a concentration of iodide 20 to 40 times higher than that in plasma (32) . On the other hand, an iodide concentration factor of 1.5 ϫ 10 5 has been reported for one brown alga (Laminaria digitata) (21) . Our results showed that IAB accumulate iodide from the medium at a concentration factor of approximately 6 ϫ 10 3 . Thus, their iodide-accumulating ability is lower than that of the brown alga but much higher than that of thyroid cells. Our study of the kinetics of iodide uptake by IAB revealed that the apparent affinity constant and the maximum velocity are 0.073 M and 0.55 pmol min Ϫ1 mg of dry cells Ϫ1 , respectively. Since L. digitata has an apparent affinity constant for iodide of 420 M and a maximum velocity of 65 pmol min Ϫ1 mg of tissue Ϫ1 (21), the decreased ability of IAB may be attributed to their high affinity and low velocity for iodide transport.
In the thyroid gland, iodide is taken up by a sodium-iodide symporter (13, 14, 32) . This transmembrane protein cotransports sodium ion with iodide ion into the thyroid against the concentration gradient, and the driving force for the process is the electrochemical gradient of sodium ion across the membrane. On the other hand, the uptake of iodide by brown algae is dependent on oxidative power. Küpper et al. (21) showed that iodide in seawater is first oxidized to hypoiodous acid or molecular iodine by cell wall haloperoxidase, and these oxidized iodine species then freely penetrate algal cells by means of facilitated diffusion. The present study indicated that iodide transport by IAB is a saturable process and that glucose is required for iodide uptake (Fig.  3) . Therefore, it is reasonable to consider that the process is mediated by an active transport system (not simple diffusion or sorption). More detailed investigations are needed for a full understanding of this uptake system. Determinations of the energy source and the specificity of iodide uptake by IAB are under way in our laboratory.
In conclusion, the present study provides evidence that IAB inhabit the natural environment. IAB may play a significant role in the fixation of stable iodine as well as long-lived 129 I in the environment. In addition, it will be interesting to examine the physiological function of iodine accumulated by IAB cells. 
